The spliceosome is a dynamic ribonucleoprotein complex responsible for the removal of intron sequences from pre-messenger RNA. The highly conserved 59 end of the U2 small nuclear RNA (snRNA) makes key base-pairing interactions with the intron branch point sequence and U6 snRNA. U2 stem I, a stem-loop located in the 59 region of U2, has been implicated in spliceosome assembly and may modulate the folding of the U2 and U6 snRNAs in the spliceosome active site. Here we present the NMR structures of U2 stem I from human and Saccharomyces cerevisiae. These sequences represent the two major classes of U2 stem I, distinguished by the identity of tandem wobble pairs (UU/UU in yeast and CA/GU in human) and the presence of post-transcriptional modifications (four 29-O-methyl groups and two pseudouracils in human). The structures reveal that the UU/UU and CA/GU tandem wobble pairs are nearly isosteric. The tandem wobble pairs separate two thermodynamically distinct regions of Watson-Crick base pairs, with the modified nucleotides in human stem I conferring a significant increase in stability. We hypothesize that the separate thermodynamic stabilities of U2 stem I exist to allow the structure to transition through different folded conformations during spliceosome assembly and catalysis.
INTRODUCTION
Pre-messenger RNA splicing refers to the process catalyzed by the spliceosome, in which noncoding intron sequences are excised and coding exons are ligated together through a two-step reaction to form mature mRNA. In the first of two nucleophilic reactions, the 29-OH of an intronic ''branch point'' adenosine attacks the phosphodiester backbone at the 59-splice site, creating a branched lariat intermediate and a free 39-OH on the 59 exon. This hydroxyl then attacks the 39-splice site, ligating the exons and releasing the intron in the lariat form. The chemistry of these two transesterification reactions is relatively simple, and is the exact mechanism catalyzed by group II intron ribozymes. However, pre-mRNA splicing requires exquisite accuracy and precise regulation, and is therefore catalyzed by the spliceosome, one of the largest and most complex molecular machines in the cell.
The spliceosome consists of five small nuclear RNAs (snRNAs)-U1, U2, U4, U5, and U6-that assemble with numerous protein factors to form small nuclear ribonucleoproteins (snRNPs). Accurate splice site selection and catalysis require a highly ordered network of dynamic RNA-RNA and RNA-protein interactions between the spliceosomal snRNPs and the pre-mRNA (for review, see Staley and Guthrie 1998; Brow 2002) . The U2 snRNP is a pivotal component of several of these interactions during the splicing cycle. In the early stages of spliceosome assembly, U2 snRNP recognizes the branch point adenosine, and a short intermolecular helix forms between U2 snRNA and the consensus sequence within the intron. This U2-intron duplex serves to position the branch point adenosine for its role as the nucleophile during the first catalytic step. Prior to splicing activation, U2 also basepairs with U6 snRNA, forming the active site of the spliceosome. The U2-U6 complex acts as a framework for juxtaposing the branch site helix with the 59-splice site, and may be responsible for catalysis Manley 2001, 2003) .
The highly conserved 59 end of U2 snRNA is made up of several stem-loops and single-stranded regions that interact with U6 snRNA, the intron, and the snRNP proteins. Stem I, just upstream of the branch point sequence, is made up of two short Watson-Crick helices separated by two mismatch pairs, with a tetraloop containing three or four uracil residues capping the stem ( Fig. 1 ; Guthrie and Patterson 1988; Ares and Igel 1990) . Sequence alignments of the 59 end of U2 snRNA reveal significant conservation of stem I ( Fig. 1B ; Guthrie and Patterson 1988) . Previous studies of the U2 snRNA 59 terminus have revealed potential functions for stem I in initial steps of spliceosome assembly. Post-transcriptional modifications in the 59 end of metazoan U2, including several in stem I, are required for formation of one of the earliest spliceosomal complexes (Yu et al. 1998; Donmez et al. 2004) . It is unknown exactly how these modifications contribute to complex formation, but they may facilitate an interaction between the RNA and a protein. A recent UV cross-linking and RNA cleavage analysis of the U2 snRNP suggests that this protein may be the essential splicing factor SF3a60, which was shown to contact stem I (Dybkov et al. 2006 ). This discovery further implicates stem I in spliceosome assembly, as SF3a60 is a component of the SF3a complex, which is required for recruitment of U2 snRNP to the nascent spliceosome (Brosi et al. 1993) .
In addition to anchoring essential proteins to U2 snRNA during assembly steps, stem I may also play a role during splicing catalysis. The regions flanking the branch site recognition sequence and U2 stem I are complementary to U6 snRNA, allowing U2 to form two short intermolecular helices (I and II) with U6. These intermolecular helices, along with U2 stem I and the U6 intramolecular stem-loop (ISL), can form a four-way helical junction in all U2-dependent spliceosomes (Fig. 2) . Structural studies of the U2-U6 complex indicate that U2 stem I is present within the complex as a stable domain ( Fig. 2B ; Sashital et al. 2004) . The theoretical free energy of folding for the U2-U6 complex also indicates that the U2 stem I-containing four-helix junction is the most stable conformation for the complex (Cao and Chen 2006) . Mutational analysis of U2 snRNA suggests that the tetraloop proximal G-C pairs within stem I are very important for splicing activity (McPheeters and Abelson 1992; Sun and Manley 1995) . These combined data suggest a potential role for U2 stem I in the active site of the spliceosome.
Stem I competes structurally with several potential U2-U6 interactions, indicating that it may be unwound at some point during splicing catalysis. For example, in the yeast spliceosome, U2 stem I must be fully melted prior to the second step of splicing to allow for the formation of the essential intermolecular helix Ib, a short Watson-Crick stem that forms between U2 residues 21-GCU-23 and U6 residues 59-AGC-61 (Madhani and Guthrie 1992; Hilliker and Staley 2004) . To that end, the stability of stem I is of significant importance, as has been demonstrated through mutagenesis studies of both the human and yeast sequences. Stabilizing the wobble base pairs at the center of stem I by introducing mutations that form Watson-Crick pairs disrupts splicing, likely through inhibition of the helix I and II interactions between U2 and U6 (Wu and Manley 1992) . Mutations that destabilize stem I suppress phenotypic mutations that disrupt helix Ib, suggesting that stem I may regulate formation of helix Ib for the second step of splicing (Hilliker and Staley 2004) . These results suggest that a delicate thermodynamic balance exists between different conformations of the U2-U6 complex, and that the stability of U2 stem I must be fine tuned in order to account for this balance.
We have carried out a detailed analysis of U2 stem I in order to gain more insight into the structural and thermodynamic characteristics of the stem-loop. Two stem I sequences, from human and Saccharomyces cerevisiae, were chosen because of the considerable amount of genetic and FIGURE 1. Secondary structures of free U2 snRNA and sequence alignment for the 59 end of U2 snRNA. (A) The 59 end of U2 snRNA contains the branch point recognition sequence (blue) and three stem-loops, including stem I (red). (B) Watson-Crick pairing is universally conserved and wobble base pairs at the center of the helix (light-gray background) are either tandem U-U pairs in yeast or G-U and C-A pairs in higher eukaryotes. The U-rich tetraloop (dark-gray background) is highly conserved as well.
biochemical information available for both species. The sequences are also representative of two classes of stem I that we have identified based on the identity of two tandem wobble base pairs at the center of the helix (Fig. 1B) . Here we report the NMR structures of U2 stem I from S. cerevisiae and the fully modified U2 stem I from human. The solution structures reveal a great degree of similarity between the overall folds of the stem-loops, despite the divergent tandem wobble pairs and presence of modified nucleotides. In contrast to the structural similarity, the stabilities of human and yeast U2 stem I differ greatly. The modifications in human serve to increase the thermodynamic stability of stem I by 18°C. When framed in the context of existing genetic data, we find that the observed thermodynamics of U2 stem I correlate well with the importance of U2 stem I in splicing.
RESULTS

Human and yeast U2 stem I RNA sequences
The U2 stem I helix is made up of six Watson-Crick base pairs flanking an internal loop made up of two tandem wobble pairs, and capped by an unusual U-rich tetraloop. The two short Watson-Crick helices are henceforth referred to as the upper helix (three terminal base pairs) and lower helix (three tetraloop-proximal base pairs) (Fig. 3) . Interestingly, the identity of the wobble pairs is conserved within yeast strains as U-U wobbles, while all higher eukaryotes contain a tandem C-A and G-U sequence (Fig.  1B) . Yeast and human U2 snRNAs also differ greatly in the degree to which they are post-transcriptionally modified. Mammalian U2 snRNA is extensively modified, including four 29-O-methyl guanosines and two pseudouracils within stem I (Massenet et al. 1998) . In contrast, yeast U2 stem I contains no modifications.
In order to investigate the effects of wobble pair identity and presence of modified nucleotides on the structure and stability of U2 stem I, we studied several RNAs corresponding to residues 7-26 and 8-27 of human and S. cerevisiae U2 snRNAs, respectively (Fig. 3) . Isotopically labeled yeast stem I RNA for NMR studies was synthesized by substituting the first two base pairs with G-C pairs to facilitate in vitro transcription using T7 RNA polymerase. Changing the first two base pairs to G-C in the yeast stem I sequence has no effect on the overall structure of the molecule, as determined by comparison of the NMR data from the wildtype sequence (data not shown).
NMR analysis
The Watson-Crick base pairs for the human and yeast stem I RNAs were confirmed by two-dimensional nuclear Overhauser effect spectroscopy (2D NOESY) spectra. For the human stem I RNA, a G-U wobble was also observed in the 2D NOESY spectrum. The adenine in the C-A wobble is readily protonated, as evidenced by a pH-dependent upfield shift for the C2 carbon (Legault and Pardi 1997) . At pH # 6.4, the A23 C2 chemical shift is shifted upfield to 146 ppm, indicating that the N3 atom is protonated under these conditions (data not shown). At pH > 6.4, the C2 FIGURE 2. Secondary structure for U2-U6 complexes from S. cerevisiae and human. (A) The proposed secondary structure of the human U2-U6 complex (Sun and Manley 1995) . (B) The NMRobserved secondary structure of the yeast U2-U6 complex (Sashital et al. 2004) . Colors correspond to those in Figure 1 .
FIGURE 3. Sequences of U2 stem I used for structural and thermodynamic studies. The human sequences represent U2 nucleotides 7-26, and the S. cerevisiae sequence represents nucleotides 8-27. All RNAs were produced via solid-phase synthetic chemistry (Dharmacon, Inc.), except for one S. cerevisiae sequence, in which two G-C pairs were substituted at the helical terminus, as indicated by arrows, to facilitate in vitro transcription using T7 RNA polymerase. The nomenclature used for the short Watson-Crick helices is shown on the left. resonance is broadened, which can be attributed to proton exchange (Cai and Tinoco 1996; Flinders and Dieckmann 2004) . Thus, it is likely that a protonated A + -C wobble forms at pH lower than 6.4 in human U2 stem I.
The formation of the tandem U-U wobble pairs in yeast stem I was observed by 2D NOESY. The NOE pattern for the U-U wobbles, as well as other exchangeable protons in the isolated stem I, are an almost perfect subspectrum of the same region of the NOESY for a 73-nucleotide (nt) U2-U6 complex (Fig. 4) . We have previously demonstrated that the 73-nt U2-U6 RNA construct is well folded and adopts the same four-helix junction conformation as a 110-nt U2-U6 complex that contains the nearly full-length U2-U6 secondary structure (Sashital et al. 2004 ). The excellent agreement in the overlay of the NMR data indicates that U2 stem I retains the same structure in isolation as it does in the context of much larger U2-U6 complexes.
Due to the spatial proximity of imino protons within a U-U wobble, assignments for these protons cannot be distinguished from 2D NOESY spectra alone. The imino protons for the U-U wobbles were assigned using through-bond correlations to the base C4 atom [2D Fiala et al. 2004 ). This method allowed for unambiguous assignment of the four uracil imino protons in the tandem U-U wobbles; moreover, chemical shifts for the C4 and C2 atoms obtained in the 2D H(N)CO spectrum provided insight into the identity of the hydrogen-bond acceptors. As has been noted previously for a variety of uracil-containing base pairs, chemical shifts for hydrogen-bonded carbonyls are shifted downfield relative to those of non-hydrogen-bonded carbonyls (Furtig et al. 2003) . In the case of U2 stem I, U11 and U23 have similar chemical shift patterns, with the C2 signal shifted downfield and the C4 signal shifted upfield. The opposite is true for U12 and U24, in which C2 is relatively upfield and C4 is downfield. These observations indicate that the two U-U wobbles adopt different conformations, in which uracil residues on the same side of the helix contribute different hydrogen-bond acceptors. The observed downfield carbon chemical shifts strongly suggest that the C2 carbonyls are the hydrogen-bond acceptors in U11 and U23, and the C4 carbonyls are the hydrogen-bond acceptors in U12 and U24. This hydrogen-bonding pattern is consistent with other studies of RNAs containing tandem U-U wobbles (SantaLucia et al. 1991; Lietzke et al. 1996; Theimer et al. 2003) .
Residual dipolar couplings (RDCs) were measured for the 13 C-labeled yeast U2 stem I and unlabeled human stem I RNAs. Homonuclear-decoupled TROSY and TROSY-ECOSY methods (Boisbouvier et al. 2004 ) were used to measure 76 one-bond and two-bond C-H and C-C couplings for the uracil bases within the yeast RNA (Table 1) . These experiments provided orientational information for the tandem U-U wobbles, which helped to confirm the conformation of the asymmetric base pairs.
U2 stem I structures
U2 stem I structures were calculated using 42 RDC and 261 NOE-derived distance restraints for the human and 71 RDC and 452 distance restraints for the yeast sequence (Table 1) . Despite the differences in sequence and presence H-1 H NOESY spectra (150-msec mixing time) for yeast U2 stem I (red) and the 73-nt U2-U6 complex (blue). The 73-nt U2-U6 complex has been investigated and described previously (Sashital et al. 2004 ).
FIGURE 5. Determination of tandem U-U wobble conformations in yeast U2 stem I. Imino protons (H3) were assigned by correlation to C4 using 2D H(N)CO (bottom left panel), and correlation of C4 to H5 using 2D HCC (bottom right panel). The 2D HCC H5 assignments were confirmed by 2D 1 H-1 of modified nucleotides, the human and yeast U2 stem I structures are quite similar (Fig. 6 ). The helical backbone atoms for the mean structures overlay with an RMSD of 1.34 Å . However, the tandem wobble regions of the two structures deviate significantly. The U-U base pairs in the yeast structure cause a narrowing of the helix, to compensate for the smaller size of the pyrimidine bases and allow for the formation of hydrogen bonds. For the yeast mean structure, the C19-C19 distance across the helix within the U-U wobbles is 8.9 Å , z1.8 Å shorter than the same distance in an A-form helix. In the human structure, the minor groove width increases significantly to 10.7 Å at the G m -U wobble and 11.2 Å at the C-A wobble. The slightly enlarged width of the C-A pair results from the wobble conformation, which places the bulky adenine amino group at the hydrogenbonding interface, causing a minor protrusion of the backbone. These structural differences result in a pronounced backbone perturbation on the 59 side of the internal loop (Fig. 6C) . The divergence in backbone width has little effect on the overall similarity of the two structures, likely due to analogous hydrogen-bonding patterns within the internal loops (Fig. 7) . Hydrogen bonding within the G m 11-U22 wobble in the human structure is identical to the corresponding U12-U23 wobble in yeast, each containing two imino-carbonyl hydrogen bonds (Fig.   7A,B) . The human C10-A23 and yeast U11-U24 wobbles differ in the functional groups that contribute to hydrogen bonding; however, the overall geometry of the base pairs is retained in the two structures. Direct comparison of the wobble pair conformations by superimposition of the pyrimidine rings highlights these similarities (Fig. 7C) .
The yeast UUUU tetraloop adopts a preferred structure stabilized by base stacking (Fig. 8) . The U16 and U19 bases stack under the closing C15-G20 base pair. U18 is flipped into the minor groove and stacks under U19, while U17 is unstacked and bulged into solution. The tetraloop may also be stabilized by hydrogen bonding. In the NMR ensemble of structures, the O2 of U16 is oriented toward the imino proton of either U18 or U19, and is within the hydrogenbonding distance of one of these protons in most structures. The human tetraloop structure contains a larger degree of conformational heterogeneity than yeast; however, this is likely due to a smaller number of NOE restraints available for the structure, which was solved using the 1% natural abundance of the 13 C isotope. C correlations in HSQC spectra (Zhang et al. 2006) . For the yeast structure, all of the correlations have identical resonance intensities, with the exception of the second, third, and fourth uracil residues in the tetraloop (U17-U19), which have intensities that are twoto threefold higher than all other nucleotides. These data indicate that the nucleotides on the 39 side of the tetraloop experience internal motions that are faster than the overall tumbling of the molecule. In the human structure, only the third and fourth uracil residues of the tetraloop (U17-U18) exhibit similar increased intensities, suggesting that the second uracil (U16) is more ordered due to the presence of C15. Since helical RNA structures of this size have correlation times of z4 nsec (Blad et al. 2005) , the dynamic motions observed for the 39-uracil residues of the tetraloops are likely to be on the subnanosecond timescale. The dynamic motions are in agreement with the structure of the yeast tetraloop, which shows the U17 nucleotide to be exposed and the U18-U19 nucleotides to be loosely stacked (Fig. 8) . Conversely, there is no evidence for such fast dynamic motions in the first position of the tetraloop either, which stacks upon C15 in all the structures.
Thermodynamic analysis of U2 stem I by UV and NMR monitored melting
The differences in sequence and presence of covalent modifications in U2 stem I may have a significant effect on the thermal stability of the RNAs. In order to investigate the relative stabilities of the stem-loop based on these variations, we monitored UV absorbance at 260 nm as a function of temperature for the yeast and unmodified and modified human sequences. The first derivative plot for the UV melt profiles at pH 7 is shown in Figure 9 . The melting temperatures and van't Hoff enthalpies for the RNAs are reported in Table 2 .
Interestingly, two melting transitions are observed for all three RNAs: a lower-temperature melting transition between 50°C and 52°C (T m 1); and a higher-temperature transition that varies between 59°C and 80°C (T m 2), depending on the sequence and presence of modified nucleotides. The disparate melting transitions reflect a differential stability between various regions of the stemloop. Based on the relatively similar T m 1 values for the three RNAs, a portion of stem I likely retains comparable thermal stability regardless of sequence and modification variations. In contrast, the large difference in T m 2 between the unmodified and modified RNAs indicates that the stability of the remainder of the stem-loop is greatly affected by the presence of the modified nucleotides.
Due to the presence of a protonatable C-A pair in human stem I, we reasoned that the stability of the two human RNAs would increase at lower pH. To test this hypothesis, the UV melting experiments were also performed at pH 6 ( Table 2) . As expected, the T m 1 values for both human sequences increase by >2°C relative to pH 7 values. In contrast, the yeast T m 1 and all T m 2 values remain constant, independent of pH. These data suggest that the C-A wobble pair melts during the first transition, and is therefore within the less-stable region of the stem-loop. Furthermore, the stabilities of the two regions appear to be independent of one another, as the human T m 2 values are unaffected by pH and the protonation state of the C-A pair.
In order to gain further insight into the two thermodynamically variable regions, imino signals for the RNAs were monitored as a function of temperature using NMR (data not shown). The spectra indicate that the first three base pairs (upper helix) melt during the first transition, while the second transition corresponds to the melting of the G-C-rich helix that closes the tetraloop (lower helix).
DISCUSSION
We have investigated the structure and stability of two classes of U2 stem I found in yeast and human U2 snRNA. Our results indicate that the sequence divergence has a small effect on the structure of the stem-loop, while the modified nucleotides greatly increase the stability. Below we discuss these results in the context of existing genetic and structural data.
Structural comparison of human and yeast U2 stem I
The electrostatic surface potential for the yeast structure reveals a deeper and more electronegative minor groove pocket compared to the human structure (data not shown). The increased electronegativity at the center of the yeast stem is created by the presence of the U12 O2 and U24 O2 in the minor groove, which are replaced by the G m 11 amino and A23 H2 in the human structure. These structural variations are created by the two classes of tandem wobbles and may present different metal-or protein-binding sites.
The human CUUU tetraloop structure is less well defined than the yeast structure, likely because it was solved using the natural abundance of 13 C, resulting in fewer distance restraints for this region of the molecule. However, C15 is well stacked under the C14-G m 19 base pair, which closes the human tetraloop in a manner very similar to the yeast tetraloop. Furthermore, the two uracil residues on the 39 side of the tetraloop have nearly identical 1 H and 13 C chemical shifts, suggesting that the human loop adopts a similar conformation to that of yeast. The two imino protons for C15 are observable in the exchangeable proton spectra, further indicating that the human tetraloop is stabilized by stacking or hydrogen-bonding, as is observed for the yeast structure.
Previously, a combined molecular dynamics and NMR study of the cUUUUg tetraloop indicated that the loop is highly dynamic and does not adopt a single conformation (Koplin et al. 2005) . The MD simulation resulted in four conformational states containing stacking patterns for the last three uracil residues of the loop, which differ greatly from the stacking that occurs in the yeast structure. In contrast to the MD simulation structures, we observe that the structure of the yeast cUUUUg tetraloop is nearly homogeneous in conformation, with one preferred stacking arrangement (Fig. 8) . Since our structure determination represents the time-averaged ensemble of the major conformation, it is possible that minor or transient conformers corresponding to those in the MD simulations may form within the population of structures. Previous thermodynamic studies revealed that cUUUUg loops stabilize helices by À3 kcal/mol, whereas the highly stable cUUCG tetraloop stabilizes helices by À5.7 kcal/mol (Antao et al. 1991) . These thermodynamic data are also consistent with the observed stacking of the cUUUUg tetraloop.
Stability of U2 stem I and its biological implications
The modifications within the human sequence confer an 18°C increase in melting temperature to the lower helix of stem I. This heightened stability is likely due to the presence of three 29-O-methyl guanosine residues in the FIGURE 9. First-derivative UV melt profiles for modified and unmodified human and yeast U2 stem I at pH 7. Data points are circles, and the nonlinear least-square fits to the data are dashed lines. (Green) S. cerevisiae; (blue) modified human; (red) unmodified human. lower helix, and perhaps also increased stacking of C15 on C14 in the modified tetraloop. The 29-O-methyl modifications stabilize the C39-endo conformation of the ribose because of steric clashing that occurs between the methyl and base when the ribose adopts the 29-endo conformation (Lee and Tinoco 1977; Kawai et al. 1992) . Surprisingly, the C7 and G m 25 modifications in the upper helix seem to have no effect on stability, as the T m 1 values for the unmodified and modified sequences are nearly identical. This unexpected result may be due to the proximity of the two modified residues to the terminus of the stem-loop. In the context of the full U2 snRNP, the melting of the upper stem may also be influenced by the presence of flanking RNA sequences and/or protein contacts. Recent evidence suggests that the upper helix may be melted at a very early stage in assembly, supporting the observed instability of the upper helix (Dybkov et al. 2006) . Melting of the yeast stem occurs more cooperatively than for the human stem, as evidenced by the overlap of the transitions in the UV melt data (Fig. 9) , and the uniformity of temperature-dependent imino peak broadening in the NMR data (data not shown). In contrast, the human UV melting transitions are well defined, even for the unmodified sequence, which has similar melting temperatures to yeast. This discrepancy may be caused by the G-U wobble in the human sequence, which is relatively stable compared to the U-U wobbles based on the temperature dependence of the NMR spectra.
The observed stability of the lower helix from the unmodified human U2 stem I is somewhat surprising. This helix is more stable by 2°C than the corresponding stem in yeast, which is of identical sequence. Therefore, the difference in stability may be attributed to the adjacent tandem mismatch pairs. Previous studies of tandem mismatch pairs indicate that C-A wobbles are generally destabilizing (Xia et al. 1997) , while tandem U-U wobbles are relatively stable (Wu et al. 1995) . However, the sequence of the flanking base pairs is a major factor in the stability of tandem mismatches. To our knowledge, this work represents the first study of the thermodynamics of tandem mismatches with nonsymmetric (U-A/G-C) flanking base pairs.
The importance of the lower helix of stem I for splicing activity has been demonstrated in both yeast and human (McPheeters and Abelson 1992; Sun and Manley 1995) . Our thermodynamic study suggests that the nucleotide modifications in U2 snRNA may have evolved in order to increase the stability of the critical lower helix. In human stem I, two of the 29-O-methyl modifications that contribute to the stability of the lower helix are required for spliceosome assembly (Donmez et al. 2004) , further correlating stability with function. The tandem wobble pairs and modifications delineate the human U2 stem I into two thermodynamically distinct helical regions, providing a potential RNA-mediated mechanism for retaining the lower helix upon melting of the upper helix.
The relative uniformity of yeast stem I melting is of interest, given the importance of the competing helix Ib structure for the second step of splicing in yeast (Madhani and Guthrie 1992; Hilliker and Staley 2004) . Helix Ib may not be essential in human (Sun and Manley 1995) ; therefore, the lower stem I helix may never melt during the human splicing cycle. In contrast, stem I must melt completely in yeast to accommodate the formation of helix Ib. The relatively low stability and cooperative melting of yeast stem I would facilitate this transition.
The potential function of U2 stem I as a regulatory element for the formation of helix Ib is intriguing in light of a recent competition-based model for conformational changes within the spliceosome active site (Query and Konarska 2004) . The active site of the spliceosome must undergo a conformational change between the two steps of splicing in order to accommodate the different substrates that are involved in each step (Moore and Sharp 1993; Steitz and Steitz 1993; Sontheimer et al. 1997) . Konarksa and Query proposed that the two active-site conformations compete kinetically and that destabilization of one conformation drives the complex and catalysis toward the other state (Query and Konarska 2004) . The competition between U2 stem I and helix Ib may be an illustration of this kinetic model. Because helix Ib must form during the second step of splicing, it is possible that the competing U2 stem I structure forms during the first step, within the context of a U2-U6 four-way helical junction (Sashital et al. 2004 ). The conformational change from a four-to three-helix junction could be driven by the melting of U2 stem I. In this way, U2 stem I could modulate formation of the second-step active site in the spliceosome.
MATERIALS AND METHODS
Preparation of RNA samples
Wild-type yeast and both human U2 stem I RNA sequences were obtained from Dharmacon, Inc., and deprotected as recommended. Yeast U2 stem I was also synthesized through in vitro transcription using purified His 6 -tagged T7 RNA polymerase, synthetic DNA oligonucleotide templates (Integrated DNA Technologies), and commercially available unlabeled (Sigma-Aldrich) or 13 C/ 15 N-labeled (Cambridge Isotope Labs) NTPs. The first two base pairs of the yeast sequence were substituted with G-C pairs to optimize transcription yields. All RNAs were purified on denaturing 17% polyacrylamide gels, DEAE anion exchange, and a G-15 Sephadex desalt column as previously described. RNAs were lyophilized and resuspended in water, and pH was adjusted to 7.0 using 1 M NaOH. Partial alignment of modified human and 13 C/ 15 N-labeled yeast RNAs for residual dipolar coupling measurements was achieved by addition of 17 mg/mL Pf1 filamentous bacteriophage (ASLA Biotech, Ltd.) in deuterium oxide.
Resonance Facility (University of Wisconsin-Madison), equipped with a single z-axis gradient HCN cryoprobe and conventional room-temperature probe, respectively. Exchangeable proton resonances were assigned by reference to 2D NOESY spectra, and collected with a 150-msec mixing time at 283 K for RNA at pH 7.0 in 90% H 2 O/10% D 2 O using a 1-1 spin-echo water suppression scheme. Ambiguous imino proton assignments for uracils involved in U-U wobbles in yeast U2 stem I were confirmed using a combination of 2D H1-C4 H(N)CO (298 K at pH 7.0, 90% H 2 O/10% D 2 O, water suppression using a water flip-back pulse) (Muhandiram and Kay 1994) (Ottiger et al. 1998) and resolution-optimized homonuclear 1 H-1 H decoupled-TROSY and TROSY-ECOSY spectra (Boisbouvier et al. 2004) .
Melting of purified wild-type S. cerevisiae, unmodified human, and modified human U2 stem I RNAs (0.4-0.6 mM RNA, 90% H 2 O/10% D 2 O at pH 7) was monitored by collecting a series of 1D 1 H spectra (1-1 echo water suppression) at increasing temperature. Data were collected on a Bruker 500 MHz spectrometer equipped with a single z-axis gradient HCN conventional probe. The temperature was increase by 5°C from 5°C to 80°C, or until imino peaks were no longer visible. All spectra were collected with 16 scans.
Structure calculations
NOE distance restraints were qualitatively categorized as strong (1.8-3 .0 Å ), medium (2.0-4.5 Å ), or weak (3.0-5.5 Å ) based on NOESY spectra with mixing times of 50, 150, 250, and 350 msec. Torsion angle restraints were set to standard A-form values in all Watson-Crick regions (615°). No A-form torsion angle restraints were used for the wobble pairs or tetraloops. The use of A-form torsion angle restraints in the Watson-Crick base-paired regions of the molecules was validated through structure calculations in the complete absence of A-form restraints, with the exception of the experimentally validated glycosidic bond angle (x) and sugar pucker (n 1 and n 2 ). The structures without A-form torsion angle restraints are essentially identical to those solved with the A-form restraints, with only slightly higher RMSD values. The 20 lowestenergy structures without A-form restraints converged to RMSD values of 1.34 Å and 0.90 Å (superimposed over all heavy atoms, excluding the tetraloop) for human and yeast, respectively. The corresponding RMSD values obtained with the A-form restraints are 0.98 Å and 0.63 Å (Table 1) . Importantly, the structures with and without A-form restraints overlay with an RMSD of 1.24 Å and 0.85 Å for human and yeast, respectively. These results indicated that the geometries of the wobble pairs were not influenced by the A-form restraints for the Watson-Crick regions of the molecule. The potential impact of including nonexperimental A-form restraints on the Watson-Crick pairs was analyzed for the tetraloops in an analogous manner. It was found that the tetraloop structures are essentially identical with and without the A-form dihedral restraints on the adjacent Watson-Crick base pairs. The RMSD values for the 20 lowest-energy tetraloop structures (including the adjacent Watson-Crick base pair) calculated in the presence and absence of A-form restraints were 2.06 Å and 1.38 Å for human and yeast, respectively, which is quite close to the values obtained for the individual ensembles calculated with A-form restraints (2.08 Å and 1.03 Å for human and yeast, respectively) and without A-form restraints (1.88 Å and 1.43 Å for human and yeast, respectively). Therefore, we conclude that the structure of the tetraloop was not influenced by the A-form restraints on the adjacent helical nucleotides. The internal loop and tetraloop backbone dihedral angles were unrestrained in all structure calculations, with the exception of the experimentally validated glycosidic bond angles and sugar puckers. The sugar pucker angles (n 1 , n 2 ) for the last three uracil residues in the tetraloop were initially unrestrained. Based on strong H19-H29 signals in the 2D 1 H-1 H TOCSY spectra (40 msec mixing time) and ribose conformations in converged initial structures, the last three uracil residues in the tetraloop were restrained as C29-endo (630°) in subsequent calculations. All other residues were restrained as C39-endo.
Hydrogen-bond restraints were used for all Watson-Crick pairs and the human G m -U wobble. Initial structures were calculated without hydrogen-bond restraints for the C-A wobble in human and the U-U wobbles in yeast in order to confirm the conformation of the base pairs based solely on NOE and RDC information. For the C-A wobble, a hydrogen bond between the adenine amino and cytosine N3 was confirmed in the converged initial structures. For the U-U wobbles, the hydrogen-bonding pattern detected by correlation experiments (C2 carbonyl hydrogen-bond acceptors for U11 and U23; C4 carbonyl hydrogen-bond acceptors for U12 and U24) was confirmed in the converged initial structures. These hydrogen bonds were restrained in all subsequent structure calculations. Very weak planarity restraints (1 kcal mol À1 Å À2 ) were used for all Watson-Crick pairs, but not for the wobble pairs.
Angle and bond parameters as well as atomic charges for modified nucleotides were calculated with Gaussian version 98 (http://www.gaussian.com) at Hartree-Fock levels using a 6-31G* basis set for previously described nucleotide geometries (Cornell et al. 1995 ). An extended structure generated in CNS 1.1 (Brunger et al. 1998 ) was used to calculate 100 starting structures using NOE, dihedral, hydrogen bonding, and planarity restraints. Structures were subjected to 60 psec (15-fsec time steps) of restrained molecular dynamics in torsion angle space, 90 psec of slow cooling, and 30 psec (5-fsec time steps) of restrained molecular dynamics in Cartesian coordinate space. The 100 structures were then refined with additional RDC restraints using XPLOR-NIH (Schwieters et al. 2003) . Structures were heated to 3000 K and cooled to 100 K in 58 cycles for 28 psec of restrained molecular dynamics in Cartesian coordinate space, followed by 500 steps of energy minimization using the Powell algorithm and simulated annealing.
Structures were selected based on criteria of lowest overall energy and lack of NOE violations >0.2 Å and dihedral violations >5°. Mean structures were calculated in MOLMOL (Koradi et al. RNA, Vol. 13, No. 3 Cold Spring Harbor Laboratory Press on November 24, 2015 -Published by rnajournal.cshlp.org Downloaded from 1996) and energy minimized in Amber 9 (http://amber.scripps. edu/). Electrostatic surface potentials for mean structures were created using QNIFFT (Chin et al. 1999 ) and visualized using the APBS tool (www-personal.umich.edu/zmlerner/PyMOL/ index.html) in PyMol (www.pymol.org). Figures were created using PyMol.
Optical spectroscopy
Thermal stability of purified wild-type S. cerevisiae, unmodified human, and modified human U2 stem I RNAs was monitored using a Cary Model 100 Bio UV-visible spectrophotometer equipped with a Peltier heating accessory and temperature probe. Samples containing 10 mM potassium phosphate buffer (pH 6.0 or 7.0), 100 mM KCl, and 4 mM RNA were heated to 95°C and cooled to 5°C at a rate of 1°C/min. Absorbance at 260 nm was detected in 1°C increments. Scans were run on three samples for each RNA. The data were derivatized, smoothed (z3°C), normalized (with primary peak set to 1), and fit using nonlinear leastsquare fit to solve for T m and DH as previously described (John and Weeks 2000) . Each transition was fit separately in order to deconvolute the individual melting transitions. Data analysis was performed using Prism 4.0 (GraphPad).
Coordinates
Coordinates for the human and yeast U2 stem I have been deposited into the Protein Data Bank (accession codes 2O32 for human and 2O33 for yeast). NMR chemical shift assignments for both RNAs have been deposited into the BioMagResBank (accession code 15081 for human and 15080 for yeast).
